Our current understanding of radio-loud AGN comes predominantly from studies at frequencies of 5 GHz and below. With the recent completion of the Australia Telescope 20 GHz (AT20G) survey, we can now gain insight into the high-frequency radio properties of AGN. This paper presents supplementary information on the AT20G sources in the form of optical counterparts and redshifts. Optical counterparts were identified using the SuperCOSMOS database and redshifts were found from either the 6dF Galaxy survey or the literature. We also report 144 new redshifts. For AT20G sources outside the Galactic plane, 78.5% have optical identifications and 30.9% have redshift information. The optical identification rate also increases with increasing flux density. Targets which had optical spectra available were examined to obtain a spectral classification.
INTRODUCTION
The formation and evolution of AGN, and the role they play in galaxy evolution, is currently one of the most active fields in astronomy. The advent of large wide-area surveys across a multitude of frequencies, from radio to gamma-rays, has ⋆ E-mail:emahony@physics.usyd.edu.au provided large, homogenous samples allowing us to study the different AGN populations in a statistically significant manner.
The radio sky at frequencies of 5 GHz and below has been well explored, largely due to surveys such as the 843 MHz Sydney University Molonglo Sky Survey (SUMSS; Mauch et al. 2003 ), 1.4 GHz NRAO VLA Sky Survey (NVSS; Condon et al. 1998 ) and the 5 GHz Parkes-MITc 2011 RAS 2 Mahony et al. NRAO (PMN; Griffith & Wright 1993) and Green Bank 6 cm (GB6; Gregory et al. 1996) surveys. The Australia Telescope 20 GHz (AT20G) Survey provides an unprecedented view of the high-frequency radio sky. This blind survey was carried out from 2004-2008 on the Australia Telescope Compact Array (ATCA) and covers the entire southern sky excluding |b| < 1.5
• . The AT20G catalogue consists of 5890 sources above 40 mJy (Murphy et al. 2010) . To obtain reliable spectral index information, observations at 4.8 and 8.6 GHz were carried out within 1 month of the 20 GHz observations for most sources south of δ = −15
• . Selecting sources at 20 GHz provides a unique sample that is dominated by active galaxies which derive most of their radio emission from supermassive black holes (SMBH) 1 . On the other hand, low-frequency selected samples contain a mixture of AGN and star-forming galaxies (Mauch & Sadler 2007) . Furthermore, for AGN that are observed at lower frequencies, the dominant source of emission is the large-scale radio lobes which have been built up over much longer timescales, whereas observing at high radio frequencies provides insight into the most recent activity in the central SMBH.
Understanding the high-frequency radio population is vital to understanding the growth and evolution of AGNs and provides complementary data to their low-frequency counterparts. An analysis of the radio properties of AT20G show that it is a very different radio population from the lowfrequency selected radio population. Massardi et al. (2011b) find that the catalogue is dominated by flat-spectrum sources, particularly at bright fluxes where 81% of the sample has flat radio spectra (defined as α 20 8 > −0.5 where Sν ∝ ν α ) which drops of to 60% for fluxes below 100 mJy. A recent review by de Zotti et al. (2010) provides a comprehensive view of the radio properties of AGN, including both low and high-frequency information.
Whilst the radio data provides a unique sample of objects, these data alone are insufficient to constrain models of radio source properties and the evolution of radio galaxies. Additional optical data, particularly spectroscopic information, is vital in understanding the physical properties of the central black hole.
There have been a number of other surveys carried out at high radio frequencies. These include; the Wilkinson Microwave Anisotropy Probe (WMAP), which covers the whole sky at 22 GHz down to a 1 Jy flux limit, the Planck Early Release Compact Source Catalogue (Planck Collaboration et al. 2011b,a) , an all-sky survey at 30 GHz, with a flux limit of 0.5 Jy and the 9th and 10th Cambridge surveys (9C; Waldram et al. 2003, and 10C; AMI Consortium: Franzen et al. 2010 ) carried out at 15 GHz that cover a much smaller area, but observe down to fainter flux limits (5.5 mJy and 1.0 mJy respectively). However, with the exception of Bolton et al. (2004) who followed up sources in the 9C sample at both optical and radio frequencies, there has not been much focus on the optical properties of these surveys.
It has been known for sometime that radio galaxies can show a range of optical spectral signatures. Some galaxies display strong emission lines whilst others have very weak or no emission features (Hine & Longair 1979 and more recently Sadler et al. 2002) . In recent years these differences have been attributed to different accretion modes (Best et al. 2005; Hardcastle et al. 2007 ). 'Cold-mode' accretion occurs when cold gas is accreted onto the central SMBH, which gives rise to the traditional AGN picture of an accretion disk surrounded by a dusty torus, a broadline region close to the accretion disk and narrow-line region further out (Antonucci 1993) . Such objects show highexcitation lines in the optical spectrum, either narrow or broad depending on the alignment of the AGN to our line of sight. 'Hot-mode' accretion occurs when hot-gas is being accreted, resulting in a radiatively inefficient accretion disk that observationally shows none of the conventional signs of AGN activity in the optical regime. It is theorised that cold-mode (also referred to as 'quasar-mode') accretion occurs as a result of mergers which supply a reservoir of cold gas, whilst hot-mode (also known as 'radio-mode') accretion is the result of hot gas from the surrounding ISM falling into the central core (Croton et al. 2006) .
It was thought that these different accretion modes could account for the observed dichotomy of radio-loud AGN (Fanaroff & Riley 1974) . However, it has been shown that in general the radio properties of AGN observed at 1.4 GHz are completely independent of the optical emission line properties (Best et al. 2005) , but are well correlated with the stellar mass of the galaxy (see also Mauch & Sadler 2007) . By studying the optical properties of a high-frequency radio sample we aim to investigate the link between the 20 GHz emission (predominantly from the core of the AGN) and the optical properties since both are generated on similar size and time scales.
Additional optical and redshift information of highfrequency radio sources also provides valuable information for both the Fermi and ESA's Planck missions, which rely on multiwavelength data at higher angular resolution to correctly identify their sources. It has already been shown that there is large overlap between the AT20G survey and both the Fermi Large Area Telescope First Source Catalog (Fermi 1FGL; Abdo et al. 2010 ) and the Early Release Compact Source Catalog (Planck Collaboration et al. 2011b ); see Mahony et al. (2010b) and Massardi et al. (2011a) respectively. The postional uncertainty of these instruments require multiwavelength information to accurately identify the correct counterpart. The positional accuracy of AT20G (∼ 1 arcsec) allows us to identify the correct optical source and redshift, providing valuable information for these surveys.
The primary goal of this paper is to present accompanying optical and redshift data for the AT20G survey, but we also present some of the basic population statistics of a high radio-frequency selected survey. Section 2 details how the optical identifications were made and Section 3 discusses how redshifts were found. Section 4 describes the spectral properties as defined from the optical spectrum and Section 5 describes the resulting AT20G-optical catalogue. In Section 6 we present results from the radiooptical analysis. This is followed by a comparison of the AT20G catalogue with the S-cubed semi-empirical models c 2011 RAS, MNRAS 000, 1-21
Optical properties of high-frequency radio sources 3 The red boxes show the stages where visual inspection was neccessary and the blue boxes are when an ID was accepted. The step marked with an * is explained in more detail in Section 2. (Wilman et al. 2008) , which make predictions of the 18 GHz sky, in Section 7. We conclude in Section 8. Throughout this paper we use the following cosmological parameters: H0 = 71 km s −1 Mpc −1 , Ωm = 0.27 and ΩΛ = 0.73 (Larson et al. 2011) .
IDENTIFYING THE OPTICAL COUNTERPARTS OF AT20G SOURCES
Optical identifications of AT20G sources were made using the SuperCOSMOS Science Archive 2 (Hambly et al. 2001 ). AT20G sources in the Galactic plane (|b| 10 • ) were excluded due to the contamination of foreground stars and dust extinction. This leaves a sample of 4932 AT20G sources for which optical IDs were sought. A semi-automated process was employed to identify the optical counterparts in an attempt to achieve a complete and reliable catalogue, while limiting the number of sources identified manually. An overview of this process is shown in Figure 1 .
Due to the large number of radio point sources in the AT20G catalogue (94%) the majority of identifications were made based on the separation between the radio and optical positions. A Monte Carlo test was carried out to determine the optimum separation at which an optical ID could be automatically accepted. A demonstration of the simulation is shown in Figure 2 . A random catalogue of radio sources was generated by offsetting the AT20G positions in declination, and optical matches found for this fake catalogue. At a separation of 3.5 arcsec the number of real matches is equal to the number of fake matches so matches beyond this separation are unlikely to be genuine. The turnover in the number of real matches seen at very small separations is due to the position uncertainties of AT20G sources. The mean positional errors are 0.9 arcsec in RA and 1.0 arcsec in Dec (Murphy et al. 2010) .
To limit the number of false matches, we automatically accepted all radio-optical matches within 2.5 arcsec. At separations less than 2.5 arcsec only 4.3% of the fake AT20G catalogue had an optical match, giving a reliability of more than 95%. For completeness, AT20G sources that had an optical counterpart between 2.5 and 3.5 arcsec were checked manually. In many cases the optical counterpart was the correct ID and the larger offset was caused by position uncertainties either due to a weak AT20G source (where the radio positions are slightly less accurate) or due to a very bright nearby galaxy (where the optical position is more uncertain).
A number of sources had multiple optical matches within the 2.5 arcsec search radius. Inspection of these sources revealed that they are generally the same source, but have been catalogued in the SuperCOSMOS database more than once with slightly different positions. In many of these cases one or more of the catalogued entries had no magnitude information. Examples are given in Table 1 . To first confirm that the multiple entries correspond to the same source, the separation between the optical matches was calculated. If the separation was less than 3 arcsec (corresponding to approximately 4 pixels in the SuperCOSMOS Table 1 . Examples of optical IDs that are catalogued twice in the SuperCOSMOS Science Archive, yet clearly correspond to the same object. In the first case (AT20GJ000249−211419) the second entry was accepted as the ID since it has the most complete record. In the second case (AT20GJ223043−632926), since there is no entry with both B and R magnitudes, the optical position accepted is the one with the smallest offset from the AT20G position and the first B magnitude measurement (B = 22.68) and first R band magnitude (R = 21.05) taken to be the correct magnitudes. The information listed here is the exact output from the SuperCOSMOS Science Archive which lists the positions in decimal degrees. images 3 ) it was assumed that the multiple matches refer to the same source. In this case, the most complete record (i.e. the entry with both B and R magnitude information) was accepted as the ID. If there was no catalogued source with both magnitudes listed, then the first entry with either magnitude was selected and the other magnitude added in if available in a different entry. If the separation between the multiple optical matches was larger than 3 arcsec, visual inspection was required to confirm the correct optical ID.
For sources that were flagged as extended in the AT20G catalogue, or sources known to be hotspots of nearby galaxies, the optical identifications were made by visual inspection. This involved creating overlays with the AT20G 20 GHz contours and 1 GHz contours (from either the SUMSS or NVSS surveys) overlaid on the SuperCOSMOS B-band image. The low-frequency information was needed in order to identify the optical ID where large radio lobes were present. Of the sources flagged as extended in the AT20G catalogue, approximately half were resolved into 2 separated components as determined from the visibilities. For these double sources an additional flag 'd' was added in the final catalogue.
For a small subset of sources, an optical ID could not be easily determined from the overlay image. In some cases this was due to the optical field being too crowded or due to a foreground star along the line of sight of the AT20G source. This was typically a problem towards Galactic features (such as the Orion nebula) as well as in the Magellanic clouds. These crowded sources are flagged with a 'c'. In other cases the optical and radio positions were slightly offset from each other, making it difficult to tell if the match is genuine or just a chance alignment. In many cases it is possible that this is due to an error with the AT20G position, so the optical information was included in the catalogue flagged with a 'o'. For a small fraction of sources there were two optical sources close on the sky that were blended into the one catalogued source, yet visual inspection shows them to be two distinct sources. In many cases this was due to a foreground star so both the optical positions and magnitudes should be treated as unreliable. These blended sources have been flagged with a 'b' and are excluded from the analysis where magnitudes were used. Examples of each of these types of flagged sources are shown in Figure 3 . For some of the very nearby galaxies the SuperCOSMOS magnitudes are unreliable, due to the large angular sizes. To exclude these unreliable magnitudes from the analysis, a flag 'u' was added in the catalogue if the B−R colours were either less than −2 or greater than 4. One additional target (AT20GJ133608−082952) was also found to have unreliable magnitudes, yet was not captured by the colour cutoff. This source was also flagged with a 'u' and excluded from the analysis.
A total of 3873 (78.5%) AT20G sources have optical identifications. This is much higher than what is traditionally seen at lower frequencies where the optical identification rate (to a similar magnitude limit of B=22) for radio sources selected at ∼1 GHz is approximately 25-30% (Bock et al. 1999) . Previous AT20G papers have reported a lower optical identification rate of approximately 60% for the AT20G survey (Murphy et al. 2010; Massardi et al. 2011b ). This is due to a simplified identification process which only accepted the sources that had matches within 2.5 arcsec and B 22 (the SuperCOSMOS completeness limit), highlighting the incompleteness of only using automatic crossmatching procedures. This AT20G-optical catalogue provides a more complete and reliable sample of optical counterparts which was not available at the time of publication of the earlier papers. Figure 4 shows the offset in RA and Dec between the optical and 20 GHz radio position for all of the accepted optical identifications. The dashed circle represents the 2.5 arcsec radius within which sources were automatically accepted. The vast majority of optical IDs fall within this circle. Figure 5 shows that the optical identification rate increases as a function of 20 GHz flux density. Using the SuperCOSMOS classification scheme based on the optical morphology as being point-like (termed 'stellar') or resolved ('galaxy') we can see that this increase in optical identification rate is due to the increase in the fraction of stellar objects (i.e. QSOs) shown by the blue diamonds in Figure 5 . On the other hand the fraction of optical IDs classified as galaxies, along with those sources that did not have ID (blank fields), which we assume are distant galaxies below the sensitivity limit of the optical plates, increases with decreasing flux density. Extrapolating from this plot, deeper high frequency surveys would have a lower identification rate as galaxies become the dominant population. ing the optical position allowed for a much smaller search radius hence limiting the number of spurious redshifts.
Searching the 6dF Galaxy Survey
The 6-degree field Galaxy Survey (6dFGS; Jones et al. 2009 ) is a spectroscopic survey of the entire southern sky, providing an ideal sample to crossmatch with the AT20G survey. The primary 6dFGS sample is a 2MASS K-band selected sample, but there are also many additional target samples that were observed as part of the survey. For more details on the selection criteria for the additional targets see Jones et al. (2004) . We searched the 6dFGS database for sources within 6 arcsec of the optical counterpart 4 . Sources that had a radio-optical separation larger than 2.5 arcsec were checked manually to ensure that no redshifts were missed by having a small search radius around the optical position. This was generally found to be a problem for very nearby galaxies where the optical positions were not accurate enough to warrant a 6 arcsec search radius. 4 The diameter of the 6dF fibres is 6.7 arcsec.
A total of 433 AT20G sources were observed as part of the 6dF Galaxy Survey. Approximately 35% of these were within the primary K-band selected sample, while the majority of the remaining sources were part of the X-ray selected (see Mahony et al. 2010a) or low-frequency radio selected (Mauch & Sadler 2007 ) additional targets. Each spectrum obtained in 6dF was assigned a quality from 1-6; spectra of quality 1 were of poor quality and a redshift was not able to be measured. Spectra of quality 2 means that the spectrum obtained was of good quality (i.e. sufficient signalto-noise), but a redshift was not able to be measured. Quality 2 spectra sources are typically BL-Lac objects. Redshifts of quality 3 or 4 denote a reliable redshift while quality 6 was assigned for a spectrum of a z = 0 star. Of the sources observed with 6dF, 346 had reliable redshifts (quality 3,4 or 6).
Searching the Literature
The majority of redshifts were obtained using the NASA Extragalactic Database (NED). Once again, we searched for redshifts within 6 arcsec of the optical position, and manually checked those positions with large radio-optical offsets. A total of 1264 AT20G sources have redshifts listed in NED. For these sources a classification also accompanied the redshift (generally 'G' or 'QSO'). However, since many sources have no associated optical spectra it is difficult to tell how accurate these classifications are. A number of AT20G sources that were observed in the 6dF Galaxy Survey also have redshifts listed in NED. When compiling the AT20G-optical catalogue we placed priority Table 2 . Summary of redshifts obtained from either the literature, 6dFGS or additional observations. The first column is the facility used for the observations followed by the number of sources observed (where applicable) and the number of sources where a redshift was able to be measured. The final column shows the redshift reference code used in the AT20G-optical catalogue. on the 6dFGS redshifts since we have access to the optical data to confirm the redshift. For sources that weren't observed with 6dF or didn't have a reliable redshift, the literature redshift was used. The final catalogue contains 395 6dF sources, of which 343 have reliable redshift measurements 5 and 977 sources with literature redshifts. Where a 6dF redshift is used, the 6dF sourcename (of the form gHHMMSS−DDMMSS Jones et al. 2004 ) is listed as the redshift reference. If the redshift was obtained from NED, then the corresponding bibliographic code that is listed alongside the redshift is used 
Additional Redshifts
To increase the redshift coverage of the sample, additional observations were carried out (see Table 2 ). Many of the AT20G sources have optically bright counterparts making them ideal back-up targets for observing in poor weather conditions. These observations resulted in 144 extra redshifts. We have also assigned qualities to each spectrum in the same way as was done for the 6dFGS sources.
SSO 2.3 m data
There were four separate observing runs using the ANU 2.3 m telescope located at the Siding Spring Observatory in which AT20G sources were used as back-up targets in case of poor weather. The first of these was carried out over the nights of 2007 April 11-14 by Richard Hunstead and EKM. This was followed by a second run from 2007 June 22-23, carried out by HMJ and EKM. Both of these runs have the redshift reference flag 'SSO 07'. Targets were observed using the 158R grating in the blue arm of the DualBeam Spectrograph (DBS) and had exposure times ranging 5 The three sources with good quality redshifts that did not end up in the final catalogue are dominated by a foreground star in the 6dF spectrum. The redshift of the background AT20G source is listed in NED and so this redshift is listed in the catalogue. 6 An explanation of these bibcodes can be found at http://adsdoc.harvard.edu/abs doc/help pages/data.html.
from 10-30 mins, depending on the magnitude of the target. The third set of targets were observed from 2008 May 1-5 by PJH and EKM using the same setup. The main targets of this particular run were AT20G selected Gigahertz Peaked Spectrum (GPS) sources described in Hancock et al. (2010) . Additional optically bright AT20G sources were also included as back-up targets.
During 2009 the DBS was decommissioned and replaced with the Wide-Field Spectrograph (WiFeS)
7 . The final set of 2.3m redshifts were observed over 2010 September 08-10 by KWB and PJH using WiFeS with the B3000 and R3000 gratings and the RT560 dichroic. AT20G sources were again poor-weather targets and were observed for 5 mins each. All of the 2.3 m data was reduced using the Interactive Data Reduction and Analysis Facility (IRAF; Tody 1986), and redshifts were measured using the RUNZ program (originally written by W. Sutherland; Saunders et al. 2004 ).
ESO-NTT data
Data was obtained from the 3.6 m European Southern Observatory (ESO) New Technology Telescope (NTT) during 2008 August 24-29 as back-up targets for a program observed by Richard Hunstead and HMJ. Targets were observed using the ESO Faint Object Spectrograph and Camera v.2 (EFOSC2) and had exposure times ranging from 400-1000 s. Again the data was reduced using IRAF and RUNZ.
An observing program targeting southern radio sources in the International Celestial Reference Frame was carried out in August 2010 (Titov et al. 2011) . Since this is a radio VLBI selected sample, there was significant overlap with the AT20G catalogue. Redshifts that were obtained as part of this observing program have been included in the AT20G-optical catalogue with the reference 'ICRF'.
Gemini-South data
A number of AT20G sources were observed as part of the poor weather program on Gemini-South under program ID GS-2009B-Q-95. Poor weather program targets are classified as 'band 4' and are observed when there is nothing higher in the queue that can be targetted. Sources were observed as longslit observations using the Gemini Multi-Object Spectrograph and reduced using the Gemini package in IRAF. As this observing program was solely focused on obtaining redshifts for AT20G sources, spectra obtained here are shown in Appendix A.
Redshift Completeness
Of the 3873 sources with optical counterparts, 1525 (39.4%) have redshift information. This corresponds to 30.9% of the entire AT20G sample (with |b| > 10
• ). Figure 6 shows the fraction of sources with redshifts as a function of both 20 GHz flux and B magnitude. As expected, for the brighter sources the fraction of sources with redshifts is quite high (∼80%), but this drops off very rapidly with 20 GHz flux. Ignoring known Galactic planetary nebula and HII regions, Fraction of sources with known redshifts Figure 6 . Fraction of sources with redshifts as a function of optical magnitude (top) and 20 GHz flux density (bottom). While we are resonably complete for bright AT20G sources, this completeness drops off significantly for fainter objects.
the redshift sample is 91.5% complete for sources above 1 Jy and 85.3% complete above 500 mJy. In order to calculate the luminosity function of highfrequency sources it is vital to have a complete redshift sample, or at the very least be able to quantify any bias and selection effects. Since our redshift sample is compiled from a range of different surveys and observing runs, each with their own selection criteria, qualification of these biases and selection effects is beyond the scope of this paper. We continue to collect redshift information where available and this will be the subject of future papers. The local (z < 0.15) 20 GHz luminosity function using redshifts from the 6dF Galaxy Survey is the subject of a forthcoming paper (Sadler et al. 2011, in preparation) .
SPECTRAL CLASSIFICATIONS
For AT20G objects that had an associated optical spectrum (from either 6dFGS or follow-up observations) we classified the spectrum according to their emission or absorption features. This subset of objects form the 'spectroscopic sample'. Sources that had reliable redshift measurements (those with qualities greater than 2) were classified into the following categories, based on Mauch & Sadler (2007) ; Aa: AGN with only absorption features Aae: AGN with both absorption and emission lines present Ae: AGN with only emission features AeB: AGN with broad emission lines SF: Star-forming galaxy Star: Spectrum of a star An example spectrum for each of the Aa, Aae, Ae and AeB spectral classes is shown in Figure 7 . In addition to these, a BL-Lac classification was given to sources exhibiting a featureless spectrum with high continuum, particularly in the blue, which were generally assigned a quality of '2'. Table 3 lists the different subsets of AT20G sources and the number of sources that fall into each category. To investigate how well the spectroscopic sample represents the full AT20G population, Table 3 also lists the median 20 GHz flux densities, spectral indices, B magnitudes, redshifts, radio luminosity and absolute B magnitudes. As already seen in Figure 6 the redshift sample (all objects that have redshift information, including those from NED) is dominated by the brighter sources at both radio and optical wavelengths. As such, the median 20 GHz flux, radio luminosity and B magnitude are all slightly higher than that of the full AT20G sample, or those that have optical IDs. The spectroscopic sample forms a subset of the redshift sample, hence are also dominated by the brighter AT20G sources. However, Table 3 shows that the median 20 GHz flux density is lower than that of the redshift sample, and more like the median flux seen for the full AT20G survey. This is most likely due to the fact that many of the brighter radio sources have literature redshifts and therefore weren't followed-up spectroscopically in either the 6dF survey or other additional observations.
The spectroscopic sample is biased towards the optically brighter sources and, due primarily to the large number of spectra obtained from the 6dF survey, is dominated by lower redshift targets. Where the spectral properties are used in the following analysis it should be noted that results are representative of the optically brighter AT20G objects and may not neccessarily apply to the fainter targets. Figure 8 shows the fraction of each class observed as a function of redshift. The 'Aae' class is only observed at low redshifts due to the high signal-noise that is required to be able to distinguish weak emission lines. In addition, aperture effects mean that with increasing redshift more light from the surrounding galaxy is observed in the fixed-aperture fibre. This extra galaxy light dominates the spectrum, potentially overpowering any weak emission lines from the nuclear region. At redshifts larger than z = 0.5 the sample is comprised completely of 'AeB' objects. All other classes fall out of the sample by this redshift either because the spectral features are too weak to distinguish (such as the 'Aa' and 'Aae' classes) or the optical magnitude is so faint that they are not detected as optical ids (as is the case for the 'Ae' class). There are no star-forming galaxies detected in the spectroscopic AT20G sample, yet there is at least one known starburst (NGC253) in the full AT20G catalogue. Figure 9 shows the fraction of each spectral class as a function of 20 GHz flux. The majority of sources fall into either the 'Aa' or 'AeB' categories so it is difficult to investigate any trends for the 'Aae' and 'Ae' classes. The fraction of 'AeB' type sources increases with flux, similar to the increase of 'stellar' optical sources seen in Figure 5 . Similarly the fraction of 'Aa' sources decreases with flux in the same way that 'galaxy' optical IDs do in Figure 5 . 
The AT20G spectroscopic sample

SuperCOSMOS classifications vs. spectral classifications
The subset of sources with spectral classifications allowed us to check the reliability of the SuperCOSMOS classifications ('stellar' or 'galaxy') which are based on the optical morphology. Figure 10 shows the relationship between B magnitude and redshift for all AT20G sources in the redshift sample, separated into the two SuperCOSMOS classes. While most of the galaxies follow the trend of decreasing magnitude with redshift, falling below the sensitivity limit (and therefore out of the sample) at a redshift of z ∼ 0.5, a number of sources do not. These appear to be more aligned with the stellar sources indicating that the optical IDs were misclassified by SuperCOSMOS. This misclassification can be confirmed by comparing Figure 10 with Figure 11 , which shows the relationship between B magnitude and redshift for the different spectral classifications. Objects classified as 'Aa', 'Aae' or 'Ae' fall c 2011 RAS, MNRAS 000, 1-21
Optical properties of high-frequency radio sources 9 Figure 7 . Examples of the different spectral classifications. From the top left the different classes are Aa (absorption line only), Aae (absorption and weak emission lines), Ae (strong emission lines) and AeB (broad emission lines). The spectra shown here have been smoothed using a boxcar algorithm over 10Å. Table 3 . The different subsamples of the AT20G-optical catalogue discussed throughout this paper. The number of sources comprising each sample is shown in the 2nd row, followed by the median values of a range of radio and optical properties. The parentheses denote the standard errors of the median. into the SuperCOSMOS 'galaxy' category and 'AeB' sources are generally associated with 'stellar' optical IDs as expected. However, 27% of sources that are classed as galaxies by SuperCOSMOS exhibit broad emission lines (AeB spectral type). While it is possible that some of these sources could be nearby Type 1 Seyfert galaxies, most of the AeB sources (70%) are above z = 0.3 further indicating that they are probably QSOs.
AT20G
The relationship between optical colours (B−R) and redshift is shown in Figure 12 . Again the sample is separated into two populations; the galaxies become redder with increasing redshift until they fall out of the sample at z ∼ 0.5, whereas QSOs are generally bluer, but remain flat across a wide range of redshifts. The upturn seen at z > 3 is due to the Lyman-α forest moving into the B-band at these redshifts.
THE AT20G-OPTICAL CATALOGUE
The AT20G-optical catalogue is available as supplementary information in the online version of this paper. The catalogue consists of the following columns:
(1) AT20Gname: In the format JHHMMSS−DDMMSS corresponding to the source position in J2000 coordinates. Table 2 .
The flags listed in Column 10 denote the following: e: AT20G source is extended. d: AT20G source has multiple components (usually a double). h: Galactic HII region. p: Planetary Nebula. m: In the Magellanic Clouds. l: No low-frequency counterpart (see Murphy et al. 2010 for further details). The flags listed in Column 17 refer to the optical counterparts as discussed in Section 2. In summary they indicate the following: c: Optical field is too crowded to make an identification. o: Optical source is slightly offset from the radio source, but still within 3.5 arcsec. b: Blended source in the optical. u: Unreliable optical magnitudes.
The first page of the catalogue is shown in Table 4 .
K-corrections
To compare luminosities across a wide range of redshifts it is essential to shift the observed frequencies into the restframe using a k-correction. As QSOs and galaxies have very different SEDs in the optical regime we have performed different corrections for each class. For galaxies in our sample (those with spectral classifications of Aa, Aae and Ae or listed as G, GPair in NED) we applied the k-correction given in De Propris et al. (2004):
where
For the sources classified as QSOs (AeB or BLLac for sources with spectral classifications or classed as QSO in NED) we assumed a power law fit for the K-correction:
where we assume a spectral index of β = −0.5. To calculate the rest-frame radio luminosities we applied the following k-correction for all sources:
where S ∝ ν α and α is the spectral index from 5-20 GHz. If there was no 5 GHz flux available then a flat spectral index (α = 0) was assumed.
RESULTS
Radio sources are often divided into two populations based on their spectral indices. Flat spectrum sources (typically defined as α > −0.5 where Sν ∝ ν α ) arise from synchrotron self-absorption in the optically thick region close to the core of the AGN, and are therefore generally compact radio sources. Steep spectrum sources are dominated by the synchrotron spectrum of the optically thin lobes and hence generally correspond to extended sources. However, there are some exceptions to this rule; one such example being Compact Steep Spectrum (CSS) radio sources.
In a similar way, optical sources are often classified into different populations using a range of diagnostics. These distinctions are often based on the morphology (i.e. QSO vs. galaxies) or on the presence or absence of emission lines. By identifying the optical counterparts of the majority of AT20G sources we aim to investigate whether the different observed radio properties can be explained by differences in the optical properties. It is particularly interesting to do this at high radio frequencies as this provides insight into the most recent activity near the core of the AGN. Sources observed at lower frequencies are dominated by emission from the radio lobes built up over long timescales and are therefore not indicative of recent accretion.
In particular, we aim to study the accretion properties of AT20G sources as defined using the optical spectra. Objects with weak or no emission lines have been classified as undergoing 'hot-mode' accretion, whereas sources with strong emission lines (both broad and narrow) are in the 'cold-mode' accretion phase (Hardcastle et al. 2007 ). This provides a physical interpretation of the different populations observed rather than an observational effect, and can provide insight into whether there are any intrinsic differences in the flat and steep-spectrum radio populations.
Optical properties of AT20G sources
Figures 13 and 14 show the redshift and B magnitude distributions of the AT20G catalogue. Each figure shows the total distribution in the top panel followed by the same distribution separated into different subpopulations based on the observed optical or radio properties. The separation into hot or cold-mode accretion was based on the emission line properties as discussed above. Sources with spectral classifications of 'Aa' or 'Aae' fall into the hot-mode category, while sources classified as either 'Ae' or 'AeB' are cold-mode. The dividing line between flat and steep radio spectra is defined as α 20 5 > −0.5, and the separation into compact and extended sources at 20 GHz is based on the ratio of flux observed on the longest (∼4.5 km) ATCA baselines to the short baselines. This is explained in more detail in Section 6.2.
The redshift distribution (shown in Figure 13 ) has a median redshift of z = 0.798. As expected, the low redshift sources are dominated by objects with weak or no emission lines in the optical spectrum (i.e. hot-mode) while the coldmode accretors cover a much wider range in redshift. Separating the cold-mode accretors into the narrow and broad emission line classifications (Ae and AeB) shows that it is primarily the AeB sources that are observed out to large redshifts. Hot-mode sources (Aa and Aae) have a median redshift of z = 0.068, while the cold-mode sources have median redshifts of z = 0.113 for the Ae spectral class, and z = 0.877 for the AeB class. There is a small difference observed in the redshift distributions between the flat and steep spectrum sources at lower redshifts, but beyond a redshift of z ∼ 0.5 they are very similar. A larger difference is seen between the compact and extended sources, with many more compact sources observed out to higher redshifts. Figure 14 shows the B magnitude distribution which has a median B magnitude of B = 19.52. Once again there is a clear difference between the hot and cold mode populations with medians of B = 16.35 for the hot-mode sources and B = 17.31 and B = 18.07 for the Ae and AeB spectral classes. This is most likely a selection effect introduced by the 6dFGS sources. The majority of sources in the spectroscopic sample were observed as part of the 6dFGS, a large fraction of which were selected to be bright in the K-band. There is no obvious difference in the B magnitude distributions between the c 2011 RAS, MNRAS 000, 1-21
Optical properties of high-frequency radio sources 13 Number compact extended Figure 13 . Redshift distributions of AT20G sources binned in log(1 + z). All sources with measured redshifts are shown in the top panel, followed by sources classifed as hot or cold mode accretors, flat or steep radio spectra and compact or extended at 20 GHz.
flat and steep-spectrum sources, or compact and extended sources (besides the different sample sizes). Instead of restricting the distributions to only the spectroscopic sample, we have plotted all sources where the relevant information (i.e. B magnitude or redshift) was available. As a result, the total number of sources shown in the hot vs. cold-mode distributions (which is only the spectroscopic sample) is less than the total number of sources in both the flat vs. steep and compact vs. extended distributions. This strong selection effect on redshift can be seen in Figures 15 and 16 which plots the rest-frame 20 GHz luminosity and absolute B magnitude against redshift. Hot-mode sources (shown by the red 'x') generally have lower radio luminosities and therefore are only seen at lower redshifts. The same effect can be seen in Figure 16 where objects at higher redshifts have to be intrinsically brighter to be observed above the flux limit of the survey.
Although the radio properties of the AT20G survey are complete, there are many selection effects associated with studying the optical properties, particularly in the spectroscopic sample. To address this, when comparing the two accretion modes we have selected sources within a smaller redshift range (z < 0.3) throughout the analysis.
Compact vs. extended radio sources
The AT20G survey was carried out on the Australia Telescope Compact Array; a 6 element interferometer located in northern N.S.W., Australia. As described in Murphy et al. (2010) , the observing mode used for the survey comprised 5 antennas on short baselines in a hybrid configuration and the 6th antenna on a baseline of 4.5 km. The primary data products in the AT20G catalogue were derived from the 5 Log 20 GHz Radio Luminosity (W/Hz) cold-mode hot-mode Figure 15 . Radio luminosity at 20 GHz against redshift (plotted as log(1 + z)) for sources in the AT20G spectroscopic sample. Sources at higher redshifts must have higher luminosities to remain in the flux-limited sample.
dishes in a compact configuration, but the additional data from the 6th antenna is the subject of a forthcoming paper (Chhetri et al. 2011, in preparation) . This additional data on the longest baselines provides information on the source structure at a resolution of ∼0.15 arcsec, approximately ten times higher than the resolution obtained from the short baselines. An approximate measure of the source size can be calculated from the ratio of flux measured on the longest baselines compared to the flux measured on the short baselines. Flux ratios greater than 0.86 correspond to the source being 'compact' on the longest baselines and sources with flux ratios less than 0.86 (i.e. significantly more flux on shorter baselines) have been termed 'extended' for the purpose of cold-mode hot-mode Figure 16 . Absolute B magnitude against redshift (plotted as log(1 + z)). As in Figure 15 sources at higher redshifts have brighter absolute magnitudes as this is a flux-limited sample.
this analysis. The value of 0.86 was determined by looking at the scatter of values above a flux ratio of 1, which we assume is just due to gaussian noise, such that any values within that scatter (1 ± 0.14) can be classified as compact. We have used this criteria for all of the distributions shown in Section 6.
Flat vs. steep-spectrum radio sources
Studying the emission line properties (hot vs. cold-mode accretion) or the radio source size (compact vs. extended) can be misleading, as both properties are strongly dependent on redshift and our spectroscopic sample is not complete. On the other hand, the radio spectral indices observed are not strongly affected by redshift and also provide information on the physical properties of the source. In particular, the distinction between flat and steep spectrum sources introduced by Wall (1977) separates the sources dominated by a compact radio component from those dominated by more diffuse jets and lobes. Simultaneous spectral indices are available for the majority of AT20G sources south of δ = −15 • , providing radio properties for a complete sample of sources which is representative of the full high-frequency radio population.
In this analysis we use the simultaneous measurement of the spectral index between 5 and 20 GHz. Conventionally, the separation of flat and steep spectrum sources is defined by the spectral index around 1 GHz as opposed to the relatively high frequency spectral index that we are using here. As such, compact GPS type sources may have spectra which are becoming steeper in this frequency range.
Interestingly, it is the comparison between flat and steep-spectrum populations which seem to show the least difference in Figures 13 and 14 . A Kolmogorov-Smirnov 2-sample test applied on these distributions results in a test statistic (the maximum distance between cumulative distributions) of d=0.084 for the redshift distribution and d=0.053 for the B magnitude distribution. However, due to the large number of objects in each sample, the probability that the flat and steep-spectrum sources are drawn from separate parent populations is 98.5% for the redshift distribution and 99.2% for the B magnitude distribution.
To further investigate any differences between flat and steep spectrum sources, we have calculated the fraction of each for the different spectral classifications as shown in Table 5. For objects in the hot accretion mode (Aa and Aae sources) the ratio of flat to steep spectrum sources is approximately the same as seen for the full spectroscopic sample (roughly 80% flat, 20% steep). However, for sources undergoing cold-mode accretion (Ae and AeB sources) there is a clear difference between each spectral type. Sources with broad emission lines (AeB) are predominately flat spectrum and are observed out to larger redshifts. On the other hand, narrow-line Ae objects have a larger fraction of steep spectrum sources and a lower median redshift.
These differences in spectral indices can also be seen in Figure 17 which plots the fraction of each spectral class as a function of spectral index. The hot-mode accreting sources are evenly spread across all spectral indices whereas there is a shift from flat to steep spectrum sources for the cold-mode accreting sources. AeB sources are the dominant population across all spectral indices, primarily due to the fact that these sources can be observed out to much larger redshifts, but the fraction decreases at steeper spectral indices, while the fraction of Ae sources increases at steep spectral indices.
The difference in the fraction of flat and steep-spectrum objects for the Ae and AeB spectral classes can be attributed to orientation effects in the AGN unification model (Antonucci 1993; Urry & Padovani 1995) . Cold-mode accreting objects are thought to fit the canonical AGN picture with the accretion disk surrounded by a dusty torus which obscures the broad line region unless viewed pole-on. We therefore only observe AeB sources when the jets are aligned close to our line of sight, meaning that the radio emission comes predominately from the flat-spectrum, compact core. Due to this orientation effect it is likely that the core radio emission is also being Doppler boosted thereby increasing the flux. However, Ae sources are the result of larger angles of inclination, meaning that the flat spectrum core is less visible and the radio flux is dominated by the steep spectrum jet. Conversely, hot-mode accreting sources are thought to be unable to form a dusty torus or broad-line region due to inefficient accretion implying that there are no orientation differences observed between the Aa and Aae spectral classes. As noted earlier, the median redshift of Ae sources (z = 0.113) is significantly different from the median redshift of AeB sources (z = 0.877). To ensure that the observed differences are not simply due to redshift effects, we have also calculated the fraction of flat and steep sources for objects with z < 0.3 as shown in Table 6 . The majority of AeB sources are removed by applying this cutoff, but the other spectral classes remain fairly similar to that in Table 5 . The AeB spectral class is still dominated by flat-spectrum sources and the Ae class is dominated by steep-spectrum sources. Although the number of AeB sources is much less in this redshift range, the sample is still large enough that the dominance of flat-spectrum sources is significant. We also see that the narrow emission line (Ae) sources outnumber the broad emission line (AeB) sources approximately 2:1. However, due to the incompleteness of the spectroscopic sample it is unclear whether this is indicative of the full AT20G population.
Restricting the sample to a smaller redshift range also allows us to compare the hot and cold accretion modes with each other. As the hot-mode sources generally have lower radio luminosities, we observe a higher fraction of these sources at lower redshifts. This implies that if we were to observe to fainter flux limits these sources would become the dominant population across a much larger range in redshift. The median spectral index for the cold-mode sources (α = −0.18). Assuming that both populations have a core (flat-spectrum) and jet/lobe (steep-spectrum) component, the difference in spectral index implies that the cold mode accreting sources have stronger radio jets and lobes, leading to a steeper spectral index overall. This is consistent with the idea that cold-mode sources are more efficient accretors and therefore produce more powerful radio jets and lobes (Hardcastle et al. 2007 ).
However, due to the selection effects and biases associated with the AT20G spectroscopic sample, care must be taken when interpreting these results. Separating sources into hot and cold accretion modes requires analysis of the optical spectrum and this was only available for sources observed as part of the 6dF Galaxy Survey or from additional observations. While we noted that our redshift sample was close to complete for the bright radio sources in Section 3, this is not true for the spectroscopic sample. Many of the brighter radio sources are well known objects that have literature redshifts, hence are not included in the spectroscopic sample unless they were also observed in the 6dFGS.
To address the potential biases associated with only studying the spectroscopic sample, we have also included the fraction of flat and steep spectrum sources for different subsamples of the AT20G catalogue shown at the bottom of Table 5 . Sources that have redshifts from NED have a slightly higher fraction of steep-spectrum sources, perhaps suggesting that a larger number of Ae type objects fall into this category, while objects that have an optical identification in SuperCOSMOS, but no redshift information, have a very similar distribution between flat and steep-spectrum sources as the spectroscopic sample.
Unidentified sources
Interestingly, the fraction of flat and steep spectrum sources for the blank fields is very different to that observed in the spectroscopic sample. This is also seen in Figure 18 which shows the percentage of AT20G sources that have optical IDs binned in spectral index, in a similar way to that shown in Figure 5 . The galaxy IDs (red squares) show no dependence on spectral index, but the stellar optical IDs (most likely QSOs, shown by the blue diamonds) are predominately flat spectrum and drop off quite rapidly for spectral indices steeper than −0.5. Due to this, the total fraction of optical identifications is also lower for steep spectrum sources. This means that the percentage of blank fields increases dramatically at steep spectral indices. Many of these blank fields are likely to fall into the Ae spectral classification since this is the only category dominated by steep spectrum objects. Exhibiting only narrow emission lines means that no additional UV-optical emission from the accretion disk can be seen (unlike the AeB spectral class which can be observed to much higher redshifts) and hence the source would fall below the SuperCOSMOS plate limit by a redshift of approximately z = 0.5. At this redshift, the radio source would have to be intrinsicially more luminous to remain in the AT20G sample and more luminous radio sources often have stronger emission lines (Hine & Longair 1979; Rawlings & Saunders 1991; McCarthy 1993) . The increase in the percentage of blank fields at steep spectral indices could indicate a population of high-z ultrasteep spectrum (USS) sources, similar to the low-frequency population first identified by Blumenthal & Miley (1979) . There are 80 AT20G sources with α < −1.2, of which 36 have no optical counterpart in the SuperCOSMOS images and potentially belong to the same class as these high redshift galaxies. These sources are listed in Appendix B along with the spectral index between 1 GHz and 5 GHz. Interestingly all of the sources selected to be ultra-steep between 5 and 20 GHz have flatter spectral indices between 1 and 5 GHz suggesting that the spectrum is curved and not a straight power-law. These sources would not have been selected as USS sources at lower frequencies, but at higher redshift they will have a steep spectrum in the GHz range.
It has been suggested that a relationship exists between the peak of the radio SED and the age of the source (Snellen et al. 2000) such that as the source ages the spectral peak moves to lower frequencies. According to this model, USS sources selected at higher frequencies are therefore likely to be younger than those selected at lower frequencies. Appendix B lists the high-frequency USS sources with redshifts from NED where available. Flux ratio (long-short baselines)
compact, flat-spectrum compact, steep-spectrum extended, steep-spectrum cold-mode hot-mode Figure 19 . Ratio of flux observed on the longest baselines to short baselines against spectral index for AT20G sources in the spectroscopic sample. The source structure refers to whether the source is compact or extended and is determined by the flux ratios observed on the longest (∼4.5 km) ATCA baselines compared to the short baselines. The dashed lines denote the dividing lines used to separate the sample into either compact or extended source structure (flux ratio= 0.86) and flat or steep radio spectra (α = −0.5).
Accretion mode vs. radio properties
To further investigate any connection between the observed radio and optical properties we can summarise both the radio spectrum (i.e. flat vs. steep) and source size (compact vs. extended) in the one figure as shown in Figure 19 . Here the flux ratio on the long-short baselines is shown against spectral index. Since many AT20G sources don't have 5 GHz information we have used the spectral index between either 1.4 or 0.8 GHz from the NVSS or SUMSS surveys and the AT20G 20 GHz fluxes to obtain a larger sample. Figure 19 can be divided into 4 quadrants based on the observed radio properties; compact and flat-spectrum (upper right), compact and steep-spectrum (upper left), extended and steep-spectrum (lower left) and extended and flat-spectrum (lower right). It is not immediately obvious that there are any differences in the distribution of hot and cold-mode sources in this figure. For clarity, Figure 20 shows the same data with the hot and cold-mode objects separated (top panel), along with sources in the same redshift range (z < 0.3) to eliminate any redshift dependencies (bottom panel). We have also indicated the percentage of objects that fall into each quadrant. At redshifts higher than z = 0.3 the number of objects undergoing hot-mode accretion is too small to compare with the cold-mode sources. As indicated by the percentages shown in Figure 20 , the cold-mode sources above this redshift are virtually all compact, predominately due to the observational effect that at higher redshifts the linear sizes of the radio sources must be much larger to be a similar angular size as observed at lower redshifts.
It should be noted that at a redshift of z = 0.3 the division between compact and extended sources (∼ 0.15 arcsec) corresponds to a linear size of 0.66 kpc, therefore separating the core and inner jet from the large scale radio lobes. The 1 . differences between the two different accretion modes become more pronounced when comparing sources within the same redshift range. While both accretion modes can result in a range of radio properties, objects which are accreting in the cold-mode have a higher fraction of steep-spectrum, extended sources. This can also be seen in Table 6 where coldmode sources have a steeper median spectral index. This once again suggests that objects that are accreting more efficiently have a greater chance of producing more luminous radio jets and lobes.
Optical vs. Radio luminosities
The relationship between the rest frame 20 GHz radio luminosity and R-band absolute magnitude for each spectral class in the spectroscopic sample is shown in Figure 21 . The dashed lines denote the survey limits (S20 = 40 mJy and R = 22) at different redshifts. Figure 21 shows a clear distinction between the two main AT20G source populations; the higher luminosity quasar population (denoted by the blue '+' AeB sources) and the lower luminosity radio galaxies that reside in nearby massive ellipticals (mainly red 'o' and magenta 'x' points, corresponding to the Aa and Aae objects). This is largely a redshift effect with quasars observed out to higher redshifts due to their higher luminosities whilst the lower luminosity sources are only seen at lower redshifts before they fall out of the sample due to the flux limit of the survey. The majority of sources (both hot and cold-mode) also have absolute magnitudes brighter than MR ∼ −22, consistent with the fact that AGN preferentially reside in more massive galaxies (Ledlow & Owen 1996; Mauch & Sadler 2007) .
To study any differences between the hot and cold-mode populations we have again focused on those sources with z < 0.3 as shown in Figure 22 . Although there is no clearcut separation, it can be seen that sources accreting in the hot-mode (Aa and Aae) have slightly higher absolute magnitudes for a given radio luminosity. That is, the red circles (Aa sources) have a tendancy to be to the right of the green triangles (Ae sources). Using the absolute R magnitude as a proxy for the stellar mass of the galaxy (i.e. more massive galaxies are likely to be brighter in the R band), Figure 21 . 20 GHz radio luminosity against absolute B magnitude for sources in the AT20G spectroscopic sample. The survey limits of S 20 = 40 mJy in the radio and R = 22 in the optical are shown by the dashed lines for different redshifts. The sample has been plotted on equal axes; i.e. 5 magnitudes in the optical corresponds to a factor of 100 in radio luminosity.
this suggests that hot-mode accreting sources generally live in more massive host galaxies than the emission line, or cold-mode accreting sources, in agreement with the results of Best et al. (2005) . In addition, it has been shown that cold-mode sources tend to have younger stellar populations (Kauffmann et al. 2008 , Ching et al. 2011 which would further enhance the difference in absolute magnitude. Figure 22 also shows that for a given absolute magnitude, the cold-mode sources have higher radio luminosities. Beaming effects are likely to contribute to the enhanced luminosities seen in AeB sources, but there are still more Ae sources (which would not be subject to beaming effects) at higher luminosities than Aa or Aae sources. Hence, coldmode accreting sources have (on average) higher radio luminosities, but live in smaller host galaxies. As the size of the central SMBH is correlated with the size of the host galaxy (Magorrian et al. 1998; Ferrarese & Merritt 2000) , this provides further evidence that it is the accretion rate, not the mass of the SMBH, that relates to the radio power of the jets and lobes (Allen et al. 2006; Balmaverde et al. 2008; Fernandes et al. 2011) .
Although the separation of hot and cold-mode accreting sources is by no means distinct, it appears to be loosely based on both the radio luminosity and absolute magnitude, remarkably similar to the 'Ledlow & Owen' division of FRI and FRII radio sources (Ledlow & Owen 1996) . However, this is most likely a side-effect of the fact that both coldmode sources and FRII radio galaxies tend to have higher radio luminosities rather than evidence that the accretion mode is responsible for the FRI/FRII dichotomy (see also Best 2009 Studying the optical properties of the 20 GHz population provides insight into the accretion mechanism of these sources, complementing the radio data. We find that sources which are accreting efficiently have more powerful radio jets. However, the current spectroscopic dataset is subject to many selection effects and biases, and a complete sample is essential in investigating these correlations further.
COMPARISON WITH S-CUBED 18 GHZ SELECTED SAMPLE
As the AT20G survey is the largest, blind survey at 20 GHz, it provides an important legacy catalogue for studies of galaxy and AGN evolution in the SKA era. To test the current predictions of what will be observed with the SKA, we have compared the AT20G catalogue with the S-cubed semi-emperical simulation (S3-SEX); a simulation of radio continuum sources out to z = 20 (Wilman et al. 2008) . The resulting database contains flux measurements at 151 MHz, 610 MHz, 1.4 GHz, 4.86 GHz and 18 GHz, down to the flux limit of 10 nJy in an area of 20 × 20 deg 2 . For comparison with the AT20G survey, we have selected sources from the S3-SEX database that have an 18 GHz flux measurement above 100 mJy (the completeness limit of AT20G). Figure 23 shows the redshift distributions of the S3-SEX dataset and the AT20G survey, normalised due to the different sample sizes. The AT20G redshift sample is roughly similar to the 18 GHz S3-SEX sample and K-S tests suggest they are drawn from the same population. However, the AT20G spectroscopic sample (shown be the dotted line) is very different to the S3-SEX distribution and suggests that we are missing a lot of high-redshift sources. This is unsuprising as most of the AT20G spectroscopic sample were observed as part of the 6dF Galaxy Survey and is therefore biased towards sources at lower redshifts. To ensure that the 18 GHz selected S3-SEX sample is comparable to the AT20G survey we have also compared the radio properties of the two samples. Figure 24 shows the flux distribution of each sample and a K-S test carried out on these distributions indicate they are drawn from the same parent population. However, the spectral indices (from 5-20 GHz) of the S3-SEX selected sample are significantly different from AT20G as shown in Figure 25 . Sources selected at high radio frequencies are predominately flat-spectrum due to the dominance of the compact core. However, selecting sources at 18 GHz from the S3-SEX database produces a catalogue entirely comprised of steep-spectrum sources.
This is an artifact of the input models used to generate properties of radio-loud AGN in the semi-empirical simulation. As described in Wilman et al. (2008) the dataset is drawn from a 151 MHz population and extrapolated to higher frequencies assuming a power law (α = −0.75) for the extended emission, while the core emission was modelled based on the results of Jarvis & Rawlings (2000) , who studied a sample of flat-spectrum quasars selected at 2.7 GHz. The population of compact sources which dominate highfrequency surveys are hardly represented in a 151 MHz selected catalogue, therefore extrapolating sources from low frequencies will not correctly predict the source population at high frequencies.
It was noted by Wilman et al. (2008) that the S3-SEX models cannot simply be extrapolated to higher frequencies. They also noted that the simulation underestimates the number of flat-spectrum sources observed, leading to discrepancies between the simulated and observed spectral index distributions, even at lower frequencies. This discrepancy only gets compounded as we move to higher frequencies as the flat-spectrum sources become the dominant population.
This highlights the need for large area, high-frequency data which is provided by the AT20G survey. Studying both the optical and radio properties of the high-frequency population provides much needed information on the compact cores of the AGN and is essential in understanding AGN and galaxy evolution. The AT20G catalogue provides a valuable database that can be used to update the S3-SEX models as well as any future SKA-related simulations.
SUMMARY
The primary goal of this paper is to present a catalogue of the optical identifications and redshifts for the Australia Telescope 20 GHz (AT20G) survey. The positional accuracy (∼ 1 arcsec) of AT20G sources, and the dominance of nuclear point sources meant that the majority of sources were identified using an automated process. Optical identifications were made using the SuperCOSMOS Science Archive with 78.5% of AT20G sources (with |b| > 10 • ) having optical counterparts, much larger than is seen at lower radio frequencies (typically 25-30%, Bock et al. 1999) . The optical identification rate increases as a function of 20 GHz flux density, predominately due to the increase in 'stellar' optical IDs with increasing flux density. On the other hand, sources with 'galaxy' counterparts (as determined by Super-COSMOS based on the optical morphology) decreased with increasing flux density. Whilst the 'stellar' sources are the dominant population in the AT20G survey, we predict that if we were to probe deeper at 20 GHz the galaxy population would become dominant.
Redshifts were found from either the 6dF Galaxy Survey (Jones et al. 2009) or from the literature using NED. We also present 144 new redshifts that were obtained from poor-weather backup programs from a range of facilities. A total of 30.9% of the AT20G survey have redshift information. The redshift completeness is quite high for the bright AT20G sources (91.5% complete for sources brighter than 1 Jy and 85.3% for sources above 500 mJy), but this drops off rapidly towards fainter sources.
Objects that have an optical spectrum available (i.e. from either the 6dF survey or additional observations) formed the 'AT20G spectroscopic sample' and this sample is used to study the emission line properties of the sample. This is achieved by dividing the sample into 'hot' or 'cold' mode accretors, where sources with strong emission lines are classified as undergoing cold-mode accretion and sources with weak or no emission lines present were classified as hot-mode. This naming convention arises from the fact that cold-mode sources primarily accrete cold gas, forming a radiatively efficient accretion disk which fits the conventional AGN unification models. On the other hand, hotmode sources accrete hot gas which leads to an inefficient accretion disk and none of the observational criteria normally associated with optical or X-ray selected AGN.
It is found that cold-mode accreting sources have a steeper median radio spectral index, suggesting that the radio jets of these sources dominate the emission (rather than the cores), consistent with the idea that these sources are more efficient accretors. It is also found that the coldmode accretors show different orientation effects; narrow emission line objects (Ae sources) have a larger fraction of steep-spectrum radio sources, while objects with broad emission lines (AeB sources) are dominated by flat-spectrum sources as predicted by unification models (Antonucci 1993; Urry & Padovani 1995) . On the other hand, the hot-mode accretors show no distinct orientation effects.
Due to the high-frequency selection, the AT20G sample is dominated by flat-spectrum sources, as are many of the subsamples. AT20G sources with optical IDs, the redshift sample and the spectroscopic sample are all dominated by flat-spectrum sources, yet for the subset of sources that do not have an observed optical counterpart (blank fields) the split into flat and steep spectrum sources is approximately 50/50. This implies that many of these blank fields exhibit narrow emission lines (falling into the Ae spectral class) as this is the only population of sources dominated by steep-spectrum sources. Some of these blank fields also form a small sample (36 objects) of high-frequency ultrasteep spectrum (USS) sources, listed in Appendix B. As the peak of the radio SED is thought to move down in frequency as the source ages, it is likely that these are the progenitors of the USS sources selected at lower frequencies.
Studying the radio luminosity vs. absolute magnitude distribution reveals that, for a given radio luminosity, the cold-mode accretors are more likely to reside in smaller host galaxies whilst the hot-mode accreting sources generally live in more massive galaxies. Objects accreting in the cold-mode also have higher radio luminosities for the same absolute magnitude than their hot-mode counterparts, providing further evidence that the cold-mode accreting sources produce more luminous radio jets and lobes.
Lastly, we compared the AT20G survey with the S-cubed semi-empirical simulations (S3-SEX). This was achieved by selecting sources from the S3-SEX database to be brighter than 100 mJy (the AT20G completeness limit) at 18 GHz. The flux distributions of the S3-SEX and AT20G samples are in agreement with each other, but the spectral index distributions are remarkably different, implying that the models used to determine the S3-SEX core fluxes need refining. This comparison highlights the need for large samples of high-frequency radio sources provided by the AT20G survey.
We continue to compile spectroscopic information on AT20G sources with the aim of forming a complete sample to further study the properties of high-frequency radio sources and how this population evolves over cosmic time.
